Intracellular aggregates of α-syn (α-synuclein) represent pathoanatomical hallmarks of neurodegenerative disorders (synucleinopathies). The molecular mechanisms underlying α-syn aggregation into filamentous inclusions may involve oxidation and nitration of the protein. Whereas the effects of oxidants and nitrating species on soluble α-syn have been studied in detail, the effect of these reactive species on α-syn associated with lipids is still unknown. In the present paper, we report that α-syn bound to small unilamellar liposomes composed of phosphatidylcholine/phosphatidic acid is resistant to oxidation and nitration when compared with soluble α-syn. Additionally, increasing concentrations of unsaturated fatty acids diminished the oxidation and nitration of α-syn upon exposure to fluxes of peroxynitrite (8-20 µM · min −1 ). To investigate the effect of oxidized lipids on α-syn, the protein was incubated with the bifunctional electrophile 4-HNE [4-hydroxy-2(E)-nonenal]. MS analysis showed the formation of three major products corresponding to the native protein and α-syn plus one or two 4-HNE molecules. Trypsin digestion of the modified protein followed by peptide 'fingerprinting' revealed that 4-HNE modified the peptide E 46 GVV-HGVATVAEK 58 . Further analysis of the peptides with liquid chromatography-tandem MS identified the modified residue as His 50 . The data indicate that the association of α-syn with biological membranes protects the protein from oxidation and nitration and thus diminishes the formation of protein molecules capable of forming aggregates. However, products of lipid peroxidation can also modify α-syn, generating novel protein adducts that could serve as biomarkers for documenting oxidative processes in human as well as animal and cellular models of α-syn aggregation and pathology.
INTRODUCTION
Wild-type α-syn (α-synuclein) is a major component of Lewy bodies (LBs) in sporadic Parkinson's disease (PD). A number of neurodegenerative diseases, collectively called synucleinopathies, are also characterized by proteinaceous accumulation of α-syn [1, 2] . The insoluble α-syn fibrils observed in LBs have an increased content of β-sheet typical of amyloid structures [3] . However, upon binding to acidic phospholipid vesicles, α-syn folds into an α-helical conformation [4] . The N-terminus of α-syn has a series of amphipathic α-helical domains that resemble those found in the class A 2 apolipoproteins [5] . Whereas most α-syn is thought to be in its soluble form, a certain portion is associated with membranes.
Aggregated and nitrated α-syn is found in PD brain tissues and other synucleinopathies [6] . We have previously demonstrated that tyrosine residues in α-syn can be oxidized and nitrated by nitrating oxidants such as peroxynitrite and myeloperoxidase/ H 2 O 2 /nitrite [7] . Nitrating agents also mediate dityrosine formation, leading to the formation and stabilization of filaments either in vitro or in vivo [8] . In particular, nitration of Tyr 39 decreases the ability of α-syn to adopt an α-helical conformation thus decreasing its binding to phospholipid vesicles [9] . Despite significant progress in understanding the functional alterations induced by oxidative and nitrative modification of α-syn, the effect of α-syn oxidation and nitration when associated with phospholipid membranes has only been partially addressed [7, 9] . Polyunsaturated lipid oxidation breakdown products, like hydroperoxides and aldehydes, modify free amino groups of protein to form lipid-protein adducts [10, 11] . Membrane association and the presence of lysine and histidine residues in the amphipathic domains of α-syn may favour lipid-protein adduct formation. In the present paper, we show that α-syn nitration and oxidation mediated by peroxynitrite is modulated by the lipid environment, which may promote the formation of α-syn-lipid adducts as a novel additional post-translational α-syn modification.
EXPERIMENTAL

Materials
Egg PC (phosphatidylcholine), 1,2-dipalmitoyl-PA (phosphatidic acid) (PA sat ) and 1,2-dilinoleoyl-PA (PA uns ) were obtained from Avanti Polar Lipids (Pelham, AL, U.S.A.). All other reagents were obtained at the highest purity available from standard supply sources.
Preparation of peroxynitrite
Peroxynitrite was synthesized from sodium nitrite and H 2 O 2 using a quenched-flow reactor as described previously [12, 13] . Residual H 2 O 2 was eliminated with MnO 2 and the remaining nitrite measured was < 20 % of the peroxynitrite content. Peroxynitrite concentration was determined spectrophotometrically at 302 nm [molar absorption coefficient (ε) = 1.67 mM −1 · cm −1 ]. Peroxynitrite first decomposed in 100 mM sodium phosphate buffer (pH 7.4) was tested as a control.
α-Syn overexpression and purification
Human α-syn cDNAs subcloned into the bacterial expression vector pRK172 were expressed in Escherichia coli BL21 (DE3) and purification was performed as described previously [9] . Briefly, after induction with isopropyl β-D-thiogalactoside, bacterial pellets were resuspended in lysis buffer (0.75 M NaCl, 100 mM Mes and 1 mM EDTA, pH 7.0) containing protease inhibitors, heated at 100
• C for 10 min and centrifuged at 7000 g for 30 min. The supernatants were dialysed against 10 mM Tris/HCl (pH 7.5), applied to a Mono Q column and eluted with a 0-0.5 M NaCl gradient. α-Syn fractions were loaded on to a gel filtration column (Superdex 200; Amersham Biosciences) to confirm purity and achieve final buffer exchange.
Preparation of liposomes and α-syn-liposome complexes
Liposomes composed of PC/PA sat or PC/PA uns in 1:1 ratios were prepared as reported previously [4] . From lipid stock solution, chloroform was removed by evaporation with argon, and phospholipids were resuspended in 10 mM sodium phosphate buffer (pH 7.4). The lipid suspension was subjected to ten freeze-thaw cycles using liquid nitrogen and a 37
• C bath, and unilamellar vesicles were prepared with an extrusion device. In order to obtain α-syn-liposome complexes, the protein was incubated with liposomes of different composition at room temperature (23
• C) for 18 h at a 20:1 mass ratio of phospholipids/α-syn [4, 14] . Complex formation was evaluated by changes in electrophoretic mobility under native conditions [12] .
Biochemical analysis of α-syn modifications α-Syn-liposome complexes in 100 mM phosphate buffer (pH 7.2) and 100 µM diethylenetriaminepenta-acetic acid at 25
• C were exposed to low controlled fluxes of peroxynitrite (8-20 µM · min −1 ) for 1 h as described previously [12, 13] . Nitration and oxidation of α-syn were evaluated by SDS/PAGE and Western blotting with polyclonal anti-nitrotyrosine [6] and monoclonal anti-α-syn antibodies [7] . Lipid-protein adduct formation was determined by fluorescence spectroscopy as described previously [12] . Briefly, lipid/protein mixtures before and after peroxynitrite addition were solubilized with 1 % deoxycholate and the emission spectra were obtained with an AMINCO-Bowman Y-3057 spectrofluorimeter using an excitation lambda of 365 nm [12] . Finally, we studied the possible formation of lipid-protein adducts using 4-HNE [4-hydroxy-2(E)-nonenal] as a lipid oxidation product that can modify protein residues. We incubated α-syn (75 µM) with 4-HNE at a 20:1 molar ratio of 4-HNE/α-syn at 37
• C for 2 h. Excess 4-HNE was removed with a YM-5000 filter (Millipore) followed by two washes with 10 % (v/v) ethanol and one wash with either 20 % (v/v) acetonitrile and 0.1 % formic acid for ESI-MS (electrospray ionization MS) or 100 mM NH 4 HCO 3 (pH 8.5) for tryptic digestion.
Identification of amino acid residues modified by 4-HNE in α-syn
To investigate the site(s) of modification in α-syn by 4-HNE, the native and modified proteins were resuspended in 50 µl of 100 mM NH 4 HCO 3 buffer (pH 8.5) and incubated overnight at 37
• C with sequence-grade trypsin or V8E (Promega, Madison, WI, U.S.A.) in a 1:50 (w/w) ratio of protease/protein. LC-MS/MS (liquid chromatography-tandem MS) analyses were performed on an LCQ classic ion trap mass spectrometer (ThermoFinnigan, 
RESULTS
Peroxynitrite-mediated α-syn aggregation and nitration are modulated by phospholipid membranes
Previous work demonstrated that α-syn binds to unilamellar liposomes of at least 30 % acidic phospholipids [4, 14] . To obtain α-syn-liposome complexes, we incubated the protein with PC and PC/PA liposomes and then analysed complex formation by native electrophoresis (Figure 1 ). α-Syn binds to liposomes that present acidic phospholipids (lane 3) as observed by an increase in electrophoretic mobility compared with control (lane 1). In accordance with that reported in the literature [4, 14] , α-syn could not bind to PC liposomes (lane 2). Similar results were obtained when complex formation was analysed with gel filtration chromatography (results not shown).
We first analysed α-syn oxidation and nitration by different fluxes of peroxynitrite. Peroxynitrite was added for 1 h at a constant rate to either native protein or to α-syn-liposome solution, and then formation of heat and SDS stable oligomers (Figure 2A) and nitration ( Figure 2B ) were evaluated by Western blotting. The soluble form of the protein and the α-syn/PC liposome mixture showed similar levels of oligomers after treatment with peroxynitrite ( Figure 2A , lanes 4 and 5 respectively). Diminished formation of stable oligomers was observed when peroxynitrite was applied to α-syn-PC/PA liposome complexes (Figure 2A, lane 6) . However, a small amount of aggregation was evident when α-syn-PC/PA liposome complexes were incubated in the absence of peroxynitrite ( Figure 2A, lane 3) . These results are in accordance with previous reports that show aggregation of α-syn after overnight incubations with acidic phospholipids [15] . α-Syn nitration was also decreased in the presence of α-syn-PC/PA liposome complexes ( Figure 2B ). Oligomer formation and nitration occurred at comparable levels in controls and PC liposome complexes, but nitration decreased proportionally more than oligomerization in α-syn-PC/PA liposome complexes ( Figure 2C ).
Unsaturated fatty acids affect peroxynitrite-mediated α-syn oxidation
Peroxynitrite-derived radicals ( • OH and • NO 2 ) react with unsaturated fatty acids, initiating lipid oxidation reactions [16, 17] . The presence of unsaturated fatty acids could either compete with α-syn for peroxynitrite or its oxidation products react with the pro- 
Lipid-protein adduct formation as an intermediate of α-syn aggregation
We and others [10] [11] [12] showed that lipid oxidation products (e.g. lipid hydroperoxides and aldehydes) modify proteins through lipid-protein adduct formation. These reports led us to investigate the possible formation of lipid-protein adducts. The fluorescence emission spectra of the reaction mixtures after peroxynitrite infusion were determined as described previously [12] . As shown in Figure 4 , unsaturated α-syn-PC/PA liposome complexes exhibit a maximum in fluorescence near 440 nm, with an increase in fluorescence of more than 70 % compared with control (Table 1) . Under the same conditions, α-syn incubated with PC liposomes exhibit a lower increase in fluorescence (∼ 17 %; Table 1 ). In addition, α-syn was treated with 4-HNE, a reactive product of oxidized ω-6 unsaturated fatty acids, in order to study the effect of lipid-protein adducts on protein aggregation. After 3 h incubation, an increase of soluble α-syn aggregation by 4-HNE was observed (results not shown).
Formation of 4-HNE-α-syn adducts
To further characterize lipid-α-syn adducts, α-syn was incubated with a 20-fold excess of 4-HNE and products were analysed by direct injection on to an ESI mass spectrometer. Deconvolution of the spectrum for the unmodified protein showed, as expected, the presence of a single protein with a 14 459 Da mass ( Figure 5A ). Three major products of 14 459, 14 615 and 14 773 Da were ; solid line) for 60 min. Then, deoxycholate was added and the emission spectra were determined using an excitation wavelength of 365 nm [12] . The data correspond to a representative result of three independent experiments. 
DISCUSSION
The present study demonstrates that acidic phospholipids modulate nitrating oxidant-mediated α-syn nitration and stable oligomer formation, particularly in the presence of high concentrations of unsaturated fatty acids. Under these experimental conditions, lipid oxidation-derived products can react with α-syn, leading to the formation of fluorescent lipid-protein adducts. Finally, MS analysis demonstrated that 4-HNE could modify α-syn at His 50 within the lipid-binding domain of the protein amino acid sequence. It is well established that α-syn forms complexes with unilamellar liposomes of at least 30 % acidic phospholipids [4] . We used PC/PA liposomes of 50 % acidic phospholipids and found that α-syn formed complexes with the liposomes detectable on native agarose gels (Figure 1, lanes 1 and 3) . At the same time, incubations with PC liposomes were performed without observation of complex formation ( Figure 1, lane 2) .
α-Syn is a target for nitrating agents [1, 7, 18, 19] , and nitrated α-syn is found in LBs from PD patients [6] . Under our experimental conditions, α-syn tyrosine nitration as well as protein oligomerization was modulated by the interaction of α-syn with phospholipid vesicles (Figure 2 ). As can be observed in Figure 2 (B), the binding of α-syn to PC/PA liposomes resulted in a decrease in tyrosine nitration mediated by peroxynitrite fluxes, compared with both the soluble protein and the α-syn-PC liposomes incubations. Similar results were obtained for the formation of α-syn stable oligomers. It is remarkable to note that in the case of α-syn-PC liposome incubations, the extent of nitration and oligomerization were similar to that of the soluble protein. This result is in accordance with Andrekopoulos et al. [20] , who reported that there were no differences in nitration or aggregation of soluble α-syn in the aqueous phase of the PC liposomes when compared with water alone. However, nitration of α-syn in the hydrophobic milieu of the PC/PA liposomes decreased proportionally more than aggregation, suggesting another factor contributing to aggregation in these liposomes. As radicals formed from the decomposition of peroxynitrite are able to induce lipid peroxidation in lipid and lipoprotein systems [12, 16] , the overall decrease in α-syn oxidation and nitration could result from a scavenging effect of the phospholipid fatty acids. Alternatively, it may arise from the reaction of lipid peroxidation products with α-syn. To address this issue, we first prepared lipidprotein complexes with different amounts of unsaturated lipids using acidic phospholipid vesicles esterified with saturated (PA sat ) or unsaturated (PA uns ) fatty acids. Data in Figure 3 show that when peroxynitrite fluxes were added to α-syn-PC/PA sat complexes, the degree of α-syn aggregation was similar to that obtained in the absence of lipids. However, a decrease in peroxynitrite-mediated aggregation when using PC/PA uns (Figure 3 ) was observed. These results suggest that a scavenger effect of unsaturated fatty acids, due to their reaction with peroxynitrite, diminishes the amount of oxidant reacting with the protein.
Purified α-syn in solution has a random coil conformation [21] , which changes to a rich α-helical conformation in the presence of lipid membranes containing acidic phospholipids [4, 14, 15, 22] . α-Syn has a resemblance to the A 2 apolipoprotein family through the 11-residue periodicity that gives rise to amphipathic α-helices. These helices participate in a variety of lipid and protein interactions, including α-syn binding to membranes [4, 14, 23] . This cluster is characterized by the presence of lysine residues in the non-polar-polar interface, stabilizing the lipid-protein interaction [4, 14] . The presence of both lysine and histidine residues in the lipid-protein interface led us to propose the possible formation of lipid-protein adducts in our experimental conditions. These amino acids are susceptible to modification by lipid oxidationderived products such as hydroperoxides and aldehydes [10] [11] [12] 24] , which could affect nitration and aggregation of membranebound α-syn. In order to study the formation of these adducts, we determined the fluorescence emission spectra of α-syn and α-synliposome complexes before and after peroxynitrite infusion. When peroxynitrite fluxes were added to α-syn-PC/PA complexes, the fluorescence emission spectra showed a widening maximum around 440 nm, characteristic of fluorescent lipid-protein adducts (Figure 4) , with an increase in fluorescence of 70 % compared with the condition without peroxynitrite (Table 1) . When α-syn was incubated with PC liposomes, peroxynitrite induced a smaller increase in fluorescence (Table 1) . This result could be due to the incapacity of α-syn to bind PC liposomes or to the lower content of unsaturated fatty acids in PC liposomes compared with PC/PA membranes. One of the most abundant final products of lipid peroxidation is 4-HNE formed by oxidation of ω-6 unsaturated fatty acids such as linoleic and arachidonic acids [11] . When α-syn was incubated with 4-HNE, α-syn aggregation occurred (results not shown). Reaction of oxidized fatty acids with α-syn could contribute to the increase in stable oligomer/nitration ratio apparent in α-syn-PC/PA liposomes ( Figure 2C ). However, the overall decrease in oligomer formation in α-syn-PC/PA may be due to the initial scavenging of peroxynitrite by the unsaturated fatty acids. The histochemical evidence for the presence of other types of protein adducts, such as α-syn cross-linking with advanced glycosylation end-products in LBs [25] , suggests that the presence of lipid-protein adducts could be important in vivo.
The presence of 4-HNE-modified proteins has been documented in a variety of diseases [11] . Therefore 4-HNE-induced modification of α-syn was investigated as a model for lipidprotein adduct formation ( Figure 5 ). The deconvoluted ESI-MS spectrum of unmodified α-syn consisted of a single peak at 14 459 Da, corresponding to the native protein ( Figure 5A ). When α-syn was incubated with 4-HNE ( Figure 5B ), three peaks appeared at 14 459, 14615 and 14 773 Da. This suggested that three modified proteins had been formed. 4-HNE has a molecular mass of 156 Da, so the last two products corresponded to α-syn with the addition of one or two 4-HNE molecules respectively. The site(s) of modification in α-syn by 4-HNE were investigated by analysing the peptides generated after trypsin and V8E digestion. α-syn fibrillization [26] , illustrating the important role of His 50 in fibril formation. Whereas His 50 may be important for metal and bifunctional lipid aldehyde-mediated aggregation, it does not appear to be a site of interaction with other known chemical modifiers of α-syn fibrillization such as dopamine or oxidized intermediates of dopamine. Recent results show that mutation of His 50 does not prevent the dopamine-mediated inhibition of α-syn fibrillization [27] . Collectively, these results suggest that several amino acids in α-syn could be targeted for modification by metals, oxidants and small molecules, resulting in unique protein species that differentially modulate the aggregation properties of this protein.
In the onset and progression of many pathologies, such as cardiovascular and neurodegenerative diseases, 4-HNE is implicated as a key mediator [11] . Most of the biological consequences of 4-HNE have been ascribed to the capacity of the α,β-unsaturated aldehyde to react with the nucleophilic sites in proteins and peptides to form covalently modified molecules [11, 24] . α-Syn modified by 4-HNE may be a mediator in PD and other neurodegenerative diseases, inducing filament and LB formation. Future work will focus on the presence of lipid-modified α-syn in vivo and its potential involvement in the pathogenesis of synucleinopathies.
